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ABSTRACT

The present status of electroweak gauge interactions, measured in flavor-conserving fermionic pro-
cesses, is discussed. The Standard Model gauge structure SU(2), x U(1)y has now been tested, with
the advent of the LEP experiments, to a few tenths of a percent, including the effect of radiative
corrections. A special feature of electroweak gauge theory, the non-decoupling of heavy virtual states
with weak quantum numbers, is now highly constrained by the data, placing serious restrictions on
the types and extent of non-Standard sectors heavier than the Z boson.
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1. ELECTROWEAK STANDARD MODEL [1]

The Standard Model of eleciroweak gauge interactions, developed by Glashow, Salam, and Wein-
berg in the 1960’s and for which they received the Nobel prise [2], has now withstood its most
stringent tests yet without failing. Based on the non-Abelian gauge group SU(2)z x U1}y — weak
left isospin mated to weak hypercharge — this theory incorporates the highly successful quantum
electrodynamics [3], with the gauge subgroup of electric charge U(1)g, is unitary and renormalis-
able, and reproduces all known weak neutral- and charged-current phenomenology to a fraction of
a percent [4]. Here, I report on the status of this theory, concentrating on the flavor-conserving,
four-fermion, CP-conserving gauge exchange sector.!

The gauge sector of the clectroweak Standard Model is characterized by three {or four, de-
pending on assumptions about the symmet:y breaking) parameters. The theory, based on a product
group of Lic algebras, has two independent gauge couplings, the SU(2)y g and the U(1)y g'. These
are usually expressed in terms of the proton’s electric charge e : 1/e? = 1/g* + 1/¢'* = 1/4xa,
and the weak mixing angle tan 6 = g'/g. The third parameter sets the mass scale for the theory,
the Higgs vacuum expectation value v. The Higgs sector is a collection of scalar fields (at least

I therefore ignore flavor-changing neutral currents and CP violation, subjects treated elsewhere
in these proceedings,
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one) that acquire non-sero vacuum condensates and thereby spontaneously break the full gauge
symmetry down to U/(1)g {56]. This quantity is usually quoted in terms of the Fermi weak con-
stant Gp = 1/v/2v*, where v = 246 GeV. A possible fourth parameter is the p of Veltman, which
characterises the vacuum structure. In the Minimal Vacuum Standard Model (MVSM), the Higgs
sector contains only weak doublets, and p = 1 automatically. If we relax this requirement and allow
non-doublets in the vacaum, then p is arbitrary and must be experimentally measured. I call this
case the Extended Vacuum Standard Model (EVSM). These three {or four) numbers are sufficient
to specify the electroweak gauge interactions completely at tree level.

The tree approximation is adequate to predict electroweak interactions to about the percent
level. The theory contains three basic types of gauge interaction: the parity-conserving, long-
range eieciromagnetic ncutral and masaless photon; and the massive, short-range weak neutral- and
charged-current Z and W bosons. The charged-current W couples to ordinary fermions solely by
left-handed currents and is responsible for the familiar low-energy weak beia decay. The neutral-
current Z coupling to ordinary fermions is also parity-violating, with strength controlled by the
weak mixing sinfw. A paradigmatic low-energy Z exchange process is neutral-current neutrino
scattering. The electromagnetic and weak couplings of the fermions have been measured to nearly
exact universality, by experiments ranging from very low energies to W and Z production at the
LEP, SLC, and Tevatron colliders. This is now the thoroughly investigated “low-energy” world of
four-fermion processes, beyond which lies the unexplored realm of the very high-energy colliders,
HERA, LEP200, LHC, SSC, and possibly others. What might we find there?

Two minimally necessary pieces of the Standard Model still undiscovered are the Higgs boson(s)
and the top quark. Recall that a Higgs sector is needed to break the electroweak gauge symmetry.
The minimal Standard Model containa one compiex doublet, with four degrees of freedom; three are
would-be Goldstone bosons disguised as the longitudinal W* and Z° degrees of freedom, leaving
one physical Higgs boson, a neuatral scalar isoscalar. At least this one state is required to preserve
the unitarity and renormalisability of the theory [4]. The Higgs mass is proportional to the vacuum
expectation value, the proportionality constant being an unknown Higgs four-point self-coupling. If
the Higgs is light to moderniely heavy (less than about 600 GeV), it is said to be weakly coupled,
physical, or linear, with a decay width modest compared to its mass. If the Higgs is heavy (more than
600 GeV), then the self-coupling is large, and the Higgs sector is called strongly coupled, unphysical,
or nonlinear, because the decay widths are typically so large that one-particle states lose distinct
meaning. The Higgs boson in that case becomes snalogous to the elusive hadronic o resonance.
Lattice simulations indicate that the Higgs mass probably cannot be larger than about 800 GeV; at
that point, the Higgs sector is highly nonlinear and saturated [8].

The top quark is the partner of the bottom quark, in a weak left isospin doublet, where I£(3) =
—1/2 and If(t) = +1/2. The existence of the top is unavoidable for symmetry reasons: the bottom
isospin has now been measured (7], and its doublet companion is required for renormalisability and
anomaly canceilation. The top quark is too heavy to be produced as yet, but, as we see later, its
virtnal radiative effects can be used to limit its mass to less than about 200 GeV.? The masses
of ordinary fermions are proportional to the Higgs vacuum expectation v, through their Yukawn
couplings to the Higgs sector. The top must have a large Yukawa coupling. Thus the properties of
the top, especially its decay modes and partial widths, may provide non-trivial information about
the Higgs sector [9].

2. RADIATIVE CORRECTIONS TO GAUGE INTERACTIONS (1]

The general precision of electroweak data is now at the level of a few tenths of a percent. At such
detnil, meaningful comparisons between theory and experiment require the inclusion of radiative

3¥The CDF and D¢ collaborations at the Fermilab Tevatron report an official production lower
bound of 91 GeV (8] for the top quark mass and a current unofficial lower limit of 108 GeV (March
1993).



corrections, usually only through one loop. The radiative corrections to electroweak gauge exchange
fall into two broad classes {10, 11].

The first class contains the corrections that have the same Lorents and gauge symmetry prop-
erties as the tree- or Born-level interactions. They have been variously called oblique, universal, or
Born-like. Such corrections contain ultraviolet divergences, but, because they reproduce the same
form as the tree-level interactions, they simply renormalise the tree-level parameters in 8 momentum-
dependent way, and the associated divergences are absorbed into the redefinition of parameters.
Following the system of Kennedy and Lynn, I denote the effective running or momentum-dependent
parameters with a * subscript: &3(g?) replaces e?, s3(g%) replaces sin® §w, Gr,(g%) replaces Gp,
and p,(g?) replaces p, with ¢ the invariant square-momentum transfer of the given process, (Even
if p=1 at tree level, p.(g?) is not nnity in general; see below.} The universal corrections contain
all the gauge boson sclf-energy corrections, plus selected parts of the vertex and box corrections
necessary to maintain gauge invariance in a non-Abelian theoty. Gauge invariance also guaranices
that the Born-like corrections are truly universal, as outlined by Degrassi and Sirlin (12], even in
non-fermionic processes. Such corrections should be thought of as intrinsic properties of the gauge
bosons, independent of the identities of the external particles.

The second class are the remaining vertex, box, and bremsstrahlung (radiation) corrections that
do not reproduce the Lorents and gauge symmeiry properties of the tree-level interactions. These
go under the names of direct, non-universal, or non-Born.like corrections. Because they cannot
rerormalise a tree-level parameter, they are necessarily finite. They also depend on the specific
quantum numbers (mass, spin, charge, isospin) of the external particles.

With one exception in section b, I concentrate exclusively on the universal corrections. Because
they are the same in all gauge interactions, we can pool together the data from many different
processes to test this sector of the electroweak theory, taking into account only the momentum
transfer of each process. The universal corrections come in two types. The first type consists of
corrections that renormalise the gauge couplings e2(g?) and #3(¢®). These are just generalisations
of the photon vacuum polarisation in quantum electrodynamics. In particular, they respect the
decoupling theorem of Appelquist, Carassone, and others (13]: at low energies, |q?| < heavy mass-
squares M2, the effect of heavy particles in the loops decouples as O(q?/M?) or faster. In section 3,
I represent the running gauge couplings in the more conventional M5 scheme, which is convenient
becanse it absorbs the leading (logarithmic) momentum dependence of the full running functions
¢2(g?) and s3(q?). The second type of universal corrections renormalise the running symmetry-
breaking parameters Gp.(g?) and p,(g?). The decoupling theorem does not apply to a broken gauge
theory; the non-decoupling effects of heavy virtual particles appear in this second type of correction.
Such effectn generally vary with quadratically, logarithmically, or as constants with the heavy particle
masses [14, 15, 16, 10, 11).2

These non-decoupied loop effects can place constraints on physics heavier than the Z boson,
if we make a few broad assumptions. The reason that the gauge symmetry must be broken is that
the non-decoupled effects arise in the longitudinal gauge degrees of freedom, which are Goldstone
bosons in disguise. For example, the gauge boson seif-energy in an unbroken theory is proportional
to ¢ and thus vanishes at g? = 0, corresponding to sero mass for the gauge boson. In a broken
theory, the self-energy does not vanish at ¢* = 0, nor does it need to, since the gauge mass is alzeady
non-sexo to begin with. Such components of the self-energy, in effect, renormalise the longitudinal
gauge modes = Goldstones and the gauge masses. They are really Goldstone scalar self-energies,

1The original electzoweak renormalisation scheme in common use was the on-shell scheme, intro-
duced by Sirlin and Marciano in 1880 {17], with the mixing sin? 0 = 1 — M2, /M3 to all orders of
perturbation theory. While this scheme is convenient for low-energy processes, it is quite difficult
to use when pooling together processes of widely differing energies, gecnuse it mixes running gauge
coupling and non-decoupled heavy physics corrections together in a single parameter, sind #w-, by
defining it in terms of the gauge boson masses. Consequently, Sirlin introduced the M3 scheme into
electroweak radiative corrections in 1989 {18], where it dovetails nicely with the universal « gauge
coupling functions.



Thus, to see non-deccupled effects in a gauge theory, the gauge symmetry must be broken, so that
the gauge bosons can mix with the Goldstones; and the heavy particles in the icops must acquire
their masses from the same Higgs sector that breaks the gauge symmetry.

But there is a third requirement. When the gauge boson masses are renormalised, the non-
decoupled effects can still be cancelled by a subtraction and be absorbed into an arbitrary parameter.
The only way to prevent this without fine-tuning these parameters is to have an approximately good
global symmetry that holds at tree level but is violated by loop effects. Then observed deviations
from the exact symmetry can be atiributed to loop effects and separated out [19]. For the electroweak
theory, the relevant global symmetry was discovered by Veltman [14], Appelquist and Bernard,
Longhitano, and others [20], and occurs in the Higgs/Goldstone sector, the global weak chiral group
SU(2)r x 5U(2)r x U(1)p-L, left times right times baryon minus iepton number. This group is
generation-independent. The subgronp SU(2}; x U(1l)y, where the hypercharge Y/2 = I} + (B -
L){2, is the gaunge group; the electric charge is the unbroken, parity-conserving Q = I¥ +¥/2 =
If + If + (B — L)/2. By separating out the non-decoupled effects in gauge interactions, we uncover
some picture of the underiying Higga sector through the longitudinai gauge modes.

A well-known exampie of a non-decoupled radiative effect made possible by the breaking of
a global symmetry is the appearance of flavor-changing neutral currents (FCNCs) in the Standard
Model [21]. The relevant group is the Glashow-Iliopoulos-Maiani (GIM) family symmetry, which
rotates all the up-type quarks (u,c,f) into one another; and simiiarly all the down-type quarks
(d, 5,). The electroweak gauge sector reapects this symmetry, which forbids flavor-changing neusral
currents. However, the Higgs sector clearly breaks the symmetry, since the up and charm quark
masses are different, and 80 on. Thus at loop ievel, it becomes possible to have flavor-changing
neutral currenis, depending on the mass differences among the up-type and down-type quarks,
respectively. The global GIM symmetry forbids this effect at tree level, while at loop level is unable
to prevent it, but nevertheless keeps the flavor-changing neutral current loops finite.

We know little about the Higgs sector, except that the eleciroweak gauge symmeiry must be
broken by something that leaves the Lorents and electric charge symmetries intact. We do know
one more important fact. (I briefly revert to tree-level notation.) The Z boson is & mixture of
two unphysical neutral states, the neutral gauge modes W° of SU(2), and B of U(1)y. That is,
Z = cosfy - WO 4+ sinfy - B. Now, Mw = pMg cos by, and p is very close to unity, implying
that Mwe o My 2. As noted by Veltman [14], the only natural way for this to hold is if the vector
subgronp SU(2)v of SU(2)y x SU(2)r remains unbroken, where Iy = I + Ip. The overall weak
chiral group must be broken to accomodate the Higgs vacuum expectation value, but the vector
or custodial subgroup need not be. The easiest way to guarantee this requirement, in turn, is for
all the Higgs scalazs to be weak doublets. Thus, an alternative and more general definition of the
MYVSM is that the weak custodial subgroup be unbroken by the vacuum at tree level. In this case,
the slight deviation of the measured p from unity is attributed to custodial-breaking loop effects.
The EVSM case, then, assumes that the custodial subgroup is also broken at tree level, allowing for
an arbitrary p parameter. The deviation of p from unity is one possible non-decoupled loop effect.
Since the W and Z bosons have non-sero masses, they can have non-trivial on-shell wavefunction
renormalisations, making possible two other non-decoupled effects. In all, the MVSM ecase thus
has three distinct generic parameters for non-decoupled loop effects. In the EVSM case, one of
these loop effects disappears and reappears as the tree-level p parameter, whose value is a priori
arbitrary [11, 19).

The functional information concerning all possible non-decoupled universal radiative corrections
is contained in the three finite combinations of gauge self-energies derived by Kennedy and Lynn [11],
generalising the earlier work of Lynn, Peskin, and Stuart [10]:

Ap(g’) = HOi(g®) - Msalg?),
Aa(g®) = Iaa(0) + Haglg?) — Mas(g?),
Ax(g?) = Ti(0) + Mag(g®) - M(g?), (1)
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where the subscripts refer to left isospin (3, +, —)} and chatge (Q) currents. For theoretical conve-
nience and experimental reasons, it proves useful to introduce equivalent dimensionless parameters,
such as those proposed by Peskin and Takeuchi [22, 19]:

aT = 4V2GrA,(0),
5 ~16xAs(M3)/ M3,
S+U = -—18xAs(ME)/ME, (2)

with an indefinite number of equivalents [23]. The specific momentum points are chosen because of
the theoretical and experimental simplifications that occur at the gauge boson poles and in the low-
cnergy weak neuiral current, although the parameters could also be expressed as derivatives of self-
energies or as coefficients of a momentum expansion. The parameter T" simply gives the deviation of
# from unity, while § and §+U are the Z and W wavefunction renormalisations, respectively. Their
symmetry properties under the global group are straighiforward [19]. The overall SU(2)5, x SU(2)g
symmetry is broken by the static Higgs vacuum at ¢* = 0 (and fixed by the value of Gy), but
this leaves open dynamical or g*-dependent effects that can break the overail global group in loops;
this effect is measured by the parameter 5. In the MVSM case, the custodial subgroup SU(2)v is
unbroken at tree level; at the loop level, static and dynamical effects breaking SI7(2)y are possible,
given by T and U, respectively. In the EVSM case (if we assume Higgs non-doublets), T disappears
into the tree-level p, according to the prescription: (1 — aT)~! — p.

The T parameter effects have been familiar for some time, as p effects. Thus, the top-bottom
mass splitting (which breaks the SU{2)y symmetry} contributes to T as:

al =~ 3Gpm? /8v2x?, (3)
for large top mass, while the massive Higgs contributes as:
aTl =~ —(3Gr{M32 — M} )/8v2x?) In(m% /M3), (4)

depending on the custodial-breaking Z — W splitting [14]. The S and U effects, on the other hand,
have not been widely recognised until recently, because they require Z and W pole measurements
{23]. The leading dependences on the top and Higgs masses are:

g
u

I

—(1/8x)In(mi/M3) + (1/12x) In(m}; /M3]),
+(1/27) In(m}/M3), (5)

i

where, for all three parameters, I take m; = mg = Mz as my reference point for the minimal
Standard Model.

3. PRECISION ELECTROWEAK MEASUREMENTS*

It is possible to develop the above theoretical structure and compute heavy physics contributions
to electroweak radiative corrections without any experimental input. But to carry out precision
tests of electroweak gauge interactions requires precision data. Since the early 1980's, such data
have accumulated to test the electroweak theory at the radiative level. The pre-1988 data include
neutrino-nucleus and neutrino-electron scattering, electron-positron annihilation below the Z pole,
and polarised charged lepton-nucleus scattering, (This data collection was summarized by Amaldi
et al. [24].) Since the beginning of 1988, new categories of data have appeared: the Z mass, widih,
and asymmetry measurements of LEP (CERN) and SLC (SLAC); the W mass measurements of
CDF (Tevatron/Fermilab) and UA2 (SppS/ CERN); and the atomic parity violation measurement

*The deta and fits shown here are current through September 1992,



in cesium at NIST/U. of Colorado (Boulder) (25]. At the same time, better neutrino scattering
data have appeared from CHARM-II (CERN) and CCFR (Fermilab), These are all four-fermion
processes, and we assume, with an exception in section 5, only universal radiative corrections, so that
all these data can be combined into a single fit. Table 1 lists the common pool of available electroweak
gauge interaction data. The complete minimal Standard Model corrections {bremsstrahlung where
necessary, vertices, and boxes) are also included.

Data Process Experiment
Pre-1988 (v,#)N NC CCFRR, FMM (FNAL)
CHARM, CDHS (CERN
(v, 7){n,p) NC FNAL, CERN, BNL
vN — va°N FNAL, CERN, Serpukhov
(v, D)e BNIL, LANL, SRR, FNAL, CERN |
1= (pol) NV SLAC, CERN
efe” <2 SLAC,DESY |
Post-1988 v vue/vue CHARM-TI (CERN)
vN NC CCFR (FNAL) |
Atomic Parity | 65/75 — 6P mixing S5 CaT>S Colorado/NIST
W Mass PP — W CDF (FNAL), UAZ (CERN) |
Z Resonance ete — 2 LEP (CERN)
Z mass, widths, FB asymm, "
T(pol) asymm "
eTe={pol) asymmt SLC (STAC)

Table 1. Electroweak gauge data from four-fermion processes (September 1992). } Preliminary.

There are five basic observables that these data measure {23]. The first two are the weak gauge
boson masses. Let Mz and Mwo be these masses if there were no heavy physics. Then the actual
masses are:

l1—aT
M} = M} [ ]
% 2011 - 4v2Gr M3, 5/16x
1
MYy = M2 . 8
v wo [1 —4\/§M,?,.O(S+U)/16:r] (6)

The next two arc the weak gauge boson widths, evaluated at their respective poles and renormalized
by their respective pole residues:

Pz = GrM3vz/(1~aT),
Tw = GrMiw, (7

where vz is the canonical function of s3(Z) without any explicit heavy physics. Finally, we have the
low-energy matrix element for the weak neutral current exchange between fermion lines of isospin
and charge I3, Q and I'}", Q', respectively:

Muol? = 0) = 228 11 _ 20)q) 2" - i), 0

where the reciprocal factor of 1 — a7 is the familiar p patameter. Let us pause to note some
interesting points, The low-energy neutral-current exchange (8) depends universally on #3(0) and
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T only. Hence, low-energy measurements alone tell us about the p parameter, but no other heavy
physics. Furthermore, T appears in neutral-current processes only. The relation between #3(0)
and the canonical #3(2) is a gauge coupling running and thus does not depend on heavy physica.
However, if we then express #3(Z) in terms of Mz, this relation, because it explicitly brings in
electroweak symmetry breaking, does depend on heavy physics. With Mz used as an input, #3(2)
is no longer a free parameter, but is determined by Mgz, S, and T, and is in fact overdetermined
by the data, a feature that gives some check on the self-consistency of the ST (2)r x U(1)y gauge
structure. Also, note that the parameter U appears only in the W mass. The low-energy neutral-
cuzrent interaction in atomic parity violation has a unigue feature. The underlying electroweak
quantity measured is the so-called weak charge of the nucleus, obtained from the electron axial-
vector coupling times the nuclear vector coupling and depending on #2(0). If 42(0) is re-expressed
in terms of #2(Z) and in turn in terms of Mz, S, and T, then Myc(0) contains new, implicit
dependence on S and T, besides the explicit p factor. In heavy hydrogenic atoms such as cesium,
where the proton/neutron ratio is about 2/3 (because of Coulomb repuision in the aucleus) and with
#2(0) ~ 1/4, the T dependence in the overall parity-violating interaction between the nucleus and
the single valence electron cancels aAlmost exactly. The cesium experiments are thus sensitive to S,
but not T' [23]. The now-standard precisely-known tree-level inputs are: Mz, determined from the
peak of the Z resonance; G, determined from muon beta decay; and a, determined from low-energy
electrodynamica.

The results for the weak mixing (in the M5 scheme) and the non-decoupled parameters are [26]:

sin? §w (M32) = 0.2313 + 0.0010,

S=-08+05 T=-02x04,
U =+02+0.9, (9)
in the MVSM case. The 80 (95)% C.L. upper bounds on these quantities are: 5 < —0.1 (0.0),
T < 0.4 (0.5), and U < 1.4 (1.7). The Z mass is Mz = 91.187 & 0.007 GeV, while the muon beta
decay Fermi constant is G, = (1.16637 % 0.00002) x 10~*GeV 2. The value of e3(Z) is assumed,
calculated from the low-energy o with vacuum polarization applied, including the hadronic compo-
nent computed via dispersion relation from the ete~ — hadrons data: 1/&(M3) = 127.8 £ 0.1,
with hadronic uncertainty {18]. If we substitute in the explicit dependences of the theory on the top

quark and Higgs boson masses, we obtain a minimal Standard Model fit:
sin? 6w (M32) = 0.2325 % 0.0007,
my 193 (201) GeV, 90 (95)% C.L.

= 158+ 27 GeV, (10)

A

including the O{aa,) one-gluon exchange correction to the parameter T [27). The Higgs mass
dependence, which is only logarithmie, is so weak that no useful limits on mg can be inferred. The
uncertainties in the top quark mass and in the weak mixing include allowing the Higgs mass to range
from 60 to 1000 GeV. Figure 1 shows the (S5, T') plane with the 80% C.L. limit region shaded (with
U set to sero by hand to reduce the fit to two dimensions). The calibrated curve in the upper half of
the plane gives the Standard Model dependence on the top quark mass. Note in particular that the
accuracies of the Z width and asymmetry measurements are now so good that they exert the most
control on the final result of the fit; the atomic parity viclation measurement, which is sensitive to §
alone, has such a large uncertainty that it barely affects the outcome. Figure 2 shows the top quark
mass §0% C.L. limit alone from various data constraints. Note that the stringent limit on the top
quark mass arises from the explicit appearance of T in the fit; in turn, this requires the minimal
vacnum assumption, so that p = 1 at tree level. Note also, as we should expect, that atomic parity
violation, lacking any T dependence, does not contribute to the top quark mass bound.

It is also possible to use the precise value of sin? 61y to test models of grand unification (28, 29],
since grand unified theories (GUTs) predict its value, rather than take it as an arbitrary input.
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Figure 3. Running of three Standard Model gauge couplings to unification: {a) minimal Standard
Model embedded in minimal SU(6) GUT; (b) minimal supersymmetric Standard Model embedded
in supersymmetric SI(5) GUT (28, 29).

Figure 3 shows the running together of the three gauge couplings, SU(3)¢, SU(2)s, and U(l)y,
under two seis of assumptions. The upper graph assurnes no new states beyond the minimal Standard
Model until the unification scale My, the so-cailed “Great Desert” scenario; the Standard Model then
unifies into the minimal SU(5) GUT at Myx. But this model fails to unify the three couplings at the
same scale. (It is also already known to give too short a proton lifetime.) On the other hand, as we
sce in the lower graph, if we add to the minimal Standard Model its complement of supersymmetric
partners at some scale between 100 and 1000 GeV, the unification of the three couplings proceeds
without difficulty., (This includes uncertainties due to threshold effects and non-renormalisable
operators.} The unification scale, Mx =~ 2 x 10'® GeV, is consistent with current bounds on the
proton lifetime, although some of the proton decay modes predicted by supersymmetric SU(5)
should be visible ir the next generation of detectors {31). If we turn grand unification around and
dasswme a group to start with, then the electroweak couplings alone, e2(Z) and #3(Z), are sufficient
to determine the unification scale and predict, rather than take as inpus, a value of the strong
SU(3)c coupling. This approach has the nice feature of avoiding strong interaction uncertainties in
the GUT inputs [30]. The strong coupling at the Z pole now stands at &,(M3) = 0.12 £ 0.01, with
a conservative uncertainty, inferred from a combination of Z hadronic decay branching ratios and
Z — jeils event topologies.

4. IMPLICATIONS FOR HEAVY PHYSICS

If the MYSM assumption is correct (see section 5), the top quark mass limit is good news for the
Tevateon, since top is very likely to be visible at the CDF and D@ detectors (9, 32]. (If the top quark
is not seen below 200 GeV, then the vacuum is probably extended.) More genernily, the fact that T
is close to sero implies that, uniess we appeal to special cancellations, the custodial isospin-breaking



cotrections are small, with mass splittings about the same as the limit on the fop quark mass.
The limit on § is more interesting, inasmuch as most conceivabie kinds of non-Standard physics
contribute positively to S, while the favored range for S is negative. A degenerate Dirac fermion
left isodoublet, for example, contributes +1/6x to 5, so that a full degenerate fourth generation
would contribute +4/8x = +0.21 (11, 19]. If we saturate the S bound with nothing else, even one
degenerate new generation is ruled out at two standard deviations. Negative values of 5 are possible
with heavy Majorana neutrinoa (33] and certain scalar mass hicrarchies [34].

The major rivals for non-Standard physics are technicolor [35] (dynamical electroweak symme-
tzy breaking) and supersymmetiry [36], both introduced primarily to cure the radiative instabilities
of the Higgs sector (the gauge hierarchy problem). Technicolor cures the instabilities by replacing
elementary scalars with composites of technifermions bound by a new strong force. Supersymme-
try retains elementary scalars, but relates them through sepersymmetry to fermionic superpartners
(Higgsinos) whose masses are protected from radiative instabilities by chiral symmetry. The main
bound on technicolor theories derives from 5, as this seems to be computable, in some approxima-
tion, in conventional technicolor theories. By conventional, I mean strong sectors with vector-like,
unbroken, and confining gauge groups. This category includes both scaled-up QCD-like theories
and the walking technicolor (WTC) theoties [37], whose running couplings are nearly constant to
very high energies (50-100 TeV). The contributions to S in the QCD-like theories arise from three
sources: vector (technirho) resonances, axial-vector (techni-A;) resonances, and pseudoGoldstone
bosons (technipions), with the first contribution being the main one. The last set was calcnlated
by Golden and Randall (38], while the full calculation was done by Peskin and Takeuchi [22], in the
large-N SU(Nrc) limit, using the known sum rule properties of QCD as an analog computer for
Nee =3

S ~ (0.10)Nyrc Nrp + 0.13, (11)

where Nrc is the number of technicolors, Nyp the number of technifermion electroweak doublets,
and the final term refiects taking the effective Higgs mass to a TeV. This result should be compared
with the naive fermion loop result, Nrc Nrp/6x = (0.06)NroNrp. Cleatly, the QCD-like theories
are disfavored by the electroweak gauge measurements. But these theories were already known to
produce problems with flavor-changing neutral currents which WTC was introduced to cure. The
parameter S is harder to compute in these theories, because not much is known about their spectra
and they lack the analogy to QCD. Nonetheless, a number of workers have attempted to esiimate
S and have arrived at similar answers [39]. The calculation of Appelquist and Triantaphyllou, via
Schwinger-Dyson equations for the technicondensaties and technifermion masses, yields:

S >~ (0.12)NrcNrp(1l — Nrp/8) + 0.13, (12)

for Npp < 6, not very different from the QCD-like result. The elegant calculation of Sundrum
and Hsu makes use of the operator product expansion and less restrictive assumptions about the
spectzum; they obtain:

S~ (0.11a — 0.070)Nrc Nrp + 0.13, (13)

where a,b are unknown constants of order unity. Again, the result is not very different from the
QCD-like case. The conventional technicolor theories probably always yield positive contributions
to 5, at least from the resonances, because the resonant part of S varies as the difference of the axial-
vector and vector resonance mass-squares; the former seems to be always larger than the latter by
general properties of symmetry-breaking. It thus seems reasonable to conclude that the conventional
technicolor models are disfavored by the electroweak data.

But the these models are not the only poesibility for dynamical symmetry breaking. Apart from
searching for theories with the right mass hierarchies of pseudoGoldstone scalars [34, 40], one can
drop the assumption that the technicolor force is unbroken and confining, or is vector-like, or acts
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only on the exotic technifermions. Recent works [41] have introduced technicolor sectors that couple
to part or all of the third generation of ordinary fermions (v, 7, ¢, 5). This idea is appealing because it
naturally explains why the top quark mass is so large compared to the masses of the other fermions.
Another possibility, which can be combined with “topcolor”, is that the technicolor gauge symmetry
is broken, so that it binds but does not confine and produces scalar but not vector states [42]. The
low-energy interactions among technifermions would be via Fermi-like four-fermion couplings. One
way for technicolor to be broken is for the technifermion content to be chiral, rather than vector-
like, so that the gauge symmetry breaks itself. Any combination of these ideas may be capable of
producing a minimal technicolor theory that is compact and natural, with small coniributions to 5.

One of the many virtues of supersymmetry (SUSY) is that it has a minimal, standard version,
the so-called minimal supergravity (SUGRA) modei [36]. The supersymmetry must be broken,
of course, so that particles and their respective superpariners do not have the same masses. In
the minimal case, this is accomplished by soft breaking terms of dimension three that endow the
scalar quarks and leptons (squarks and sleptons) with a large common mass (the gravitino mass)
that splits them from the fermions, and the gauge fermions (ganginos: winos, sinos, photinos, and
gluinos) with their own iarge Majorana masses. The superpartner masses also receive contributions
from electroweak symmetry breaking, just like the ordinary particles. Because the breaking of
supersymmetry and the breaking of the electroweak symmetry have nothing to do with each other
(at least directly), the supersymmetry-breaking contributions to the superpartner masses must be
SU{2)g x U(1)y-invariant. That being the case, if the superpartner masses are larger than those of
the ordinary pariicles, they must be dominaied by the supersymmetry-breaking but gauge-invariant
contributions; therefore, in the limit of heavy superpartners, the radiative effects of supersymmeiry in
5,T,U naturally decoupie. Thus supersymmetry is consistent with the electroweak data in a negative
way, merely by the absence of large deviations of the S, T, U from sero. (The negative value for S
still poses & pussle, but is consistent with sero at two standard deviations.) In Table 2, I show a
supersymmetiry-versus-technicolor checklist, with the current score distinetly, but not decisively, in
favor of supersymmetry. Readers interested in the supersymmetric loop contributions to the S, T, U
should consult the work of Lynn, and Barbieri et al. [43]. The minimal supersymmetric Standard
Model must have two Higgs doublets, with one light neutral Higgs of mass iess than about 150
GeV [44]; the precision fit then yields for the top quark mass: my = 145 24 GeV [28).

Supersymmetry Technicolor

Theoretical Principies
Gange hierarchy v Vv
Minimal theory 4/ (SUGRA) =
GUTs v =)
Gravity v
Radialive Limits

Electroweak v @7
FCNCs V4 7 (WTC)
GUTs v+ (SUSY SU(5)) S
Direct Production
New states nothing yet nothing yet

Table 2. A comparative scorecard: supersymmetry versus technicolor.

The technicolor-versus-supersymmetry rivalry may be understood as a competition between
two different paradigms for the final state of elementary particle physics, the “bang” versus the
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“whimper” [45). In the “whimper” scenario, many or all elementary particles are composite, and
the constituents themselves are perhaps in turn composites...clephants all the way down. The
binding or confinement of the constituents is esseniially non-periurbative. Accelerators may be
likened to onion-peelers in world where no onion layer is the final one. From a theoretical point of
view, this scenario (which is reminiscent of the strong-interaction “bootstrap” of the 1960's [46)) is
problematic, because it is impossibie to specify the degrees of freedom, the laws of motion, and the
fundamental constants of the theory in closed form. Whether or not the theory is self-inconsistent
or tautological becomes impossible to decide. The “bang” scenario posits that there are a finite
number of irreducible degrees of freedom, specified most naturally in terms of symmeiry groups, a
finite number of elementary constants, and laws of motion with a elosed form. Supersymmetry fits
nicely into this picture, as it automatically inciudes gravity (when the supersymmetry is gauged),
leads paturally to superstrings (the only ceandidate so far for a consistent theory of everything),
is easy to combine with grand unification, and leads to quasi-perturbative renormalisation group
structures for the gauge couplings [29] and fermion masses and mixings {47), an approach successful
so far,

The fact that the S, T, U are close to, and consistent with, sero means that, whatever non-
Standard physics lies beyond the Z, it must satisfy at least one of three general scenarios. The first
is that the new physics is minimal to non-existent; for example, if the Higgs sector consists only of
deeply bound top quark pairs. The second is that the new physics respects the SU(2)g, x U({1)y gange
symmetry, with supersymmetry as a natural example. The third is that the new physics respects
the larger global SU(2), x SU(2)r weak chiral symmetry (apart from the static Higgs vacuum),
ensuring automatic decoupling. Implementing this symmetry naturally may be the only way to
save technicolor. And non-Standard physics must also satisfy the constraints imposed by limits on
flavor-changing neuteal currents [21] and the requirement that the Higgs sector be radiatively stable.

5. FINAL THOUGHTS AND FUTURE PROSPECTS

To summarise: The presence of non-decoupled radiative effects from heavy states with weak isospin
is made possible in the Standard Model by the breaking of global and gauge symmetries and can
be analysed in a simple, general way through the symmetry properties of eleciroweak currents. The
current data, all from four-fermion experiments, are now good enough to place highly non-trivial
constrainis on new physics beyond the Z : either there is little or no new physics, or the new physics
is restricted by global and/or gauge symmetries.®

Four-fermion experiments remain that can improve our knowledge of the universal corrections.
In particulaz, the W mass measurement at the Tevairon (49] and LEP200 (50], the polarised electron
beam Z asymmetry at the SLC [51], a new atomic parity violation expetiment [52], and more
precise low-energy necutrino scattering measurements (53] seem the most promising areas for the
final refinement of electroweak gauge boson properties, reducing the uncertainties of Figure 1. The
current precision of data makes radical change in the measured S, T, U unlikely at this time. The
measurement of the top quark mass, while not by itself changing the uncertainties in the precision
eleciroweak measurements, will shift the origin of the S, 7, U space and allow a clean test of the
minimal Standard Model.

Particle physics until now has been a world of four-fermion interactions, mediated by gauge
boson exchanges as the manifestations of elementary fields of force. The current generation of high-
energy colliders — LEP (CERN), SLC (SLAC), Tevatron (Fermilab), and HERA (DESY) — will
close out the era of high-energy four-fermion processes with precision electroweak measurements and

®A caveat: It is possible to add new gauge interactions, such as an extra 2. This possibility must
be analysed in a framework more general than the one presented here, with additional parameters,
because not all of the effects of new gauge bosons at low energies can be absorbed into the universal
SU(2)e x U(1)y parameters §,T,U. The lower mass bounds on 2'’s and W'’s are now quite strong [48].
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Figure 4. Electroweak gauge boson self-interactions.

probably the discovery of the top quark. The next generation of colliders — LEP200 (CERN) [50],
LHC (CERN) [64], SSC [55], and possibly & new ete~ machine {568] — will open s new era devoted
to the study of the Higgs sector and the non-Abelian electroweak gauge interactions. These new ma-~
chines will give s access to interactions never dizectly studied before: non-Abelian seif-interactions
of the W and Z gauge bosons, interactions of the Higgs sector with itself and with the gauge and
fermion sectors, and therefore insight into the origin of mass {57)].

Since the longitudinal gauge boson modes are really Goldstone modes, the study of their self-
interactions will already give us a window into the Higgs self-interactions (Figure 4). The radiative
corrections to these couplings give us a new class of direct or non-Born-like corrections and thus pos--
sibly new effects atising from non-Standard sectors. The nniversal corrections to gauge exchange ure
already known from four-fermion measurements, as presented above. One four-fermion process, the
production of 38 (bottom) pairs from the decay of the Z, contains a special non-universal correction
from the presence of virtual top quark states (Figure 5). The relevant gauge modes in the vertices
are longitudinal = disguised Goldstones again. This special effect allows us to use the 2 — b5 data
to place a p- or T-independent bound on the top quark mass: m; < 320 (350) GeV at 90 (95)% C.L,
with an independent value of p = 1.007 & 0.011 (26]. The custodial SU(2)y global subgroup seems
safe.

Although the SU(2)y x U(l)y gauge symmetry and the SU(2); x SU(2)x global symmetry
have been established as valid at low energies to a few tenths of a percent, important questions
about the electroweak interactions remain. The most crucial of these questions concern the nature
of the Higgs sector — what it is, where it comes from, and why the electroweak gange symmetry
breaks at a scale so much smaller than the grand unification and Planck scales. Related questions
inciude: Why do the fermions have the masses and mixings that they do? Why is the top quark
mass g0 much larger than the other fermion massea? Why is the SU(2);, x SU(2)g global symmetry
such & good symmetry and where does it come from? Are there any extended gauge groups, new
weak gauge bosons at masaes higher than the W and Z7? The precision measurement of electroweak
gange interactions, like the study of flavor-changing neutral currents and CP violation, has placed
stringent limits on what non-Standard physics may lie beyond the Z. But the discovery of that
physics still requizes the production of the new states and new accelerators.
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Figure 5. Non-universal top quark mass dependence in process Z — bb.
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